Abstract: Several investigations have suggested that fenugreek seeds may have a hypocholesterolemic activity, and thus be efficient in the treatment of egg yolk cholesterol. The objective of the current study was to evaluate the effect of dietary incorporation of 3% of fenugreek seed combined with 3% of linseed, 1% of garlic paste, and 0.078% of copper sulfate on laying performance, egg quality and lipids profile. Forty four, 41 weeks old, Novogen White laying hens received for 42 days 100 g/d of basal diet (control) or experimental diet (CFSGLSCS). With the exception of egg weight, which showed a significant increase for hens fed on CFSGLSCS with 57.99 g compared to 56.34 g for the control group, egg production (90.84% for control compared to 87.89% for experimental diet), egg mass (50.95 g/d for control compared to 50.87 g/d for CFSGLSCS), feed efficiency (1.94 for control compared to 1.98 for CFSGLSCS) were not affected by dietary treatments. The addition of CFSGLSCS reduced (p < 0.05) egg yolk cholesterol by 5.4% and blood cholesterol from 158.42 mg/dL to 122.82 mg/dL for control and CFSGLSCS, respectively. The dietary addition of CFSGLSCS increased (p < 0.05) total lipids from 4.5 g/egg to 5.23 g/egg and didn't affect (p > 0.05) yolk triglycerides.
Introduction
In the perspective of functional foods and nutraceuticals [1] [2] [3] [4] [5] , many researchers and egg producers are actually working together to produce a designer or multi-enriched egg. This egg is a source of high quality proteins, vitamins, and lipids, such as phospholipids and polyunsaturated fatty acids (PUFA) [6, 7] . In fact, compared to the multi-enriched or designer egg, the standard egg contains from 183 mg/egg [8] to 386 mg/egg [9, 10] of cholesterol and around 150 mg/egg of saturated fatty acids [11] [12] [13] . In this field, many studies have been made to decrease egg yolk cholesterol concentration [9, 10, 14] using natural plant products like garlic [15] , fenugreek seeds [9, 10, 16] and copper [17, 18] . Egg yolk polyunsaturated fatty acids enhancement using linseeds [19] [20] [21] . The effect of dietary incorporation of fenugreek seeds on egg cholesterol content has been inconsistent and the reduction was low not exceeding 1 mg/g egg yolk [16, 20] . Dietary garlic paste (38 g/kg) reduced serum cholesterol by 23% in 12 weeks-old Leghorn pullets, when diets were fed for four weeks [22] . Egg yolk cholesterol was reduced by feeding of 10 or 30 g/kg garlic powder to laying hens for three weeks [23] . Concerning linseed, it is a very rich source of n-3 polyunsaturated fatty acids (PUFA) among many vegetable sources [24] . It is well documented that n-3 PUFA bring potential benefits for the human health. That is why, many researchers have focused on linseeds inclusion in the diets of layers to enhance the egg n-3 PUFA content [25] [26] [27] [28] . In view of the above, the objective of the present study was to evaluate the effect of the dietary incorporation of fenugreek seeds combined with linseeds, garlic paste, and of copper sulfate on laying performance, egg quality, and lipids profile.
Materials and Methods

Dish Preparation
Three kg of fresh fenugreek seeds were offered from the Higher School of Agriculture of Mateur, north of Tunisia and carefully cleaned from foreign matter. Three kg of linseed were purchased from a regional producer located at Mateur and cleaned from foreign matter. One kg of garlic was pelt, cut in a little fragment and mixed with distilled water. The composition of the basal diet was: 95 kg of basal diet were mixed with 5 kg of vegetable oil. The experimental diet contained: 2.9 kg of fenugreek seed, 2.9 kg of linseed, 76 g of CuSO 4 and 970 g of garlic mixed with 92 kg of basal diet (CFSGLSCS).
Ethical Considerations
The experimental protocol was approved by the Official Animal Care and Use Committee of the Higher School of Agriculture of Mateur (protocol N o 05/15) before the initiation of research and followed the Tunisian guidelines approved by the committee on care, handling, and sampling of the animals.
Experimental Design
Forty-four Novogen White laying hens aged 41 weeks were divided randomly into two treatment groups with 22 birds each. They were allocated each group to one of two dietary treatments: Basal diet and experimental diet. Each hen was daily fed 100 g of diet. The composition of the diets is shown in Table 1 . Authors model some ingredients on other studies as follows:
Whole Fenugreek seeds at 2.9 kg equivalent to 3%. Fenugreek seed has been used in many previous researches to reduce egg cholesterol content [10, 12, 29, 30] . However, it contains many bioactive compounds including powerful antioxidants that could prevent lipids oxidation, particularly in eggs enriched with polyunsaturated fatty acids. In this study, in order to reevaluate its effect on egg cholesterol content and fenugreek seed was included at 3% (2.9 kg) into the linseed supplemented diet.
Garlic at 970 g equivalent to 1%. Many animal studies have suggested that garlic supplemented diets may inhibit the synthesis of cholesterol and fatty acids in the liver [31] [32] [33] . For example, Motamedi et al. [32] reported that dietary supplementation of 1% of garlic powder and of 1% of fenugreek powder reduced laying hens' serum cholesterol from 242.00 mg/dL to 175 mg/dL.
CuSO4 at 76 g equivalent to 0.078%. Copper supplementation to laying hen diets at pharmacological concentrations (>250 mg/kg) has been demonstrated to cause a reduction in egg yolk cholesterol content [34, 35] .
Linseeds at 2.9 kg equivalent to 3% [36, 37] . Linseed is often used in the production of ω3-enriched eggs and some reports indicated that there was an increase in egg yolk unsaturated fatty acids concentrations when hens were fed yellow corn-soybean meal diets containing linseed at an incorporation rate of 5% [38] . It was found that the long-term use of linseed at an incorporation level of 10% increased the incidence of liver hemorrhages [21] presumably due to the oxidative rancidity of the accumulated long chain unsaturated fatty acids. Hens were housed in individual cages with individual feed-trough and common water-trough in a room with an ambient temperature of about 20 • C and a photoperiod of 16 h light: 8 h darkness cycle. Water was provided ad libitum intake throughout the trial period which lasted 42 days.
Data Collection
All birds were weighed individually at the beginning and the end of the experiment trial to determine the hens live weight changes. The feed was offered daily at 7:30 a.m. and refusal was measured on days 7, 14, 21, 28, 35 and 42 of the experiment assay. Egg production and weight were recorded daily. Daily feed consumption, hen-day laying rate (number of laid eggs ×100/number of feeding days) and feed efficiency (feed consumption/(number of eggs × egg weight)) were calculated per period (P1-P6) corresponding to the days 1-7, 8-14, 15-21, 22-28, 29-35 and 36-42. Two yolks of each egg laid during the 33rd and 34th days of the experiment assay were mixed (11 yolks/lots) and were used for the analysis of egg qualities (egg weight, shell weight, egg shell thickness, yolk weight and yolk cholesterol, triglycerides and total lipids).
Blood samples of nine hens/lot were collected at the end of the experiment (the 42nd day) from the brachial wing vein using sterilized syringes and needles and used for serum cholesterol determination after centrifugation at 3000 rpm for 15 min.
Chemical Analysis
The dry matter of the diets (DM) was determined at 105 • C for 24 h while all other analyses were done on samples dried at 65 • C and ground in a mill to pass through a 0.5 mm screen. Ash content was determined by igniting the ground sample at 550 • C in a muffle furnace for 12 h. The Association of Official Analytical Chemists method [40] was used for crude proteins (CP) determination. Neutral detergent fiber (NDF) was determined as described by Van Soest et al. [41] , but sodium sulphite and alpha amylase were omitted from the NDF procedure.
An enzymatic method (cholesterol enzymatic colorimetric test, CHOD-PAP, triglycerides enzymatic colorimetric GPO-PAP Biomaghreb, Ariana, Tunisia) were used for cholesterol in the serum and in egg yolk solubilized in 2% (w/v) NaCl solution [42] .
Total lipids of the homogenized egg yolk was determined by extraction with isopropanol: hexane (30:70) (v/v) and then gravimetrically estimated.
Statistical Analysis
Collected data were subjected to the analysis of variance using the General Linear Model (GLM) procedure of the Statistical Analysis System SAS [43] . Daily feed consumption, hen-daily laying rate, egg weight and mass and feed efficiency data were first tested for the diet, period and diet x period effects. Period and treatment x period effects were found to be not significant (α = 0.05) and, therefore, only treatment (diets) effect was retained. Multiple comparison tests were subjected to the Duncan test.
Results and Discussion
Laying Performance
Body weight changes, daily refusal, hen-day laying rate, egg mass and feed efficiency during the experimental assay are shown in Table 2 . Note: C = control; CFSGLSCS = diet contained: 2.9 kg of fenugreek seed, 2.9 kg of linseed, 76 g of CuSO 4 and 970 g of garlic mixed with 92 kg of basal diet; SEM = Standard Error of the mean; a,b : Mean in the same row having different superscripts are significantly different (p < 0.05).
Although the feed was restricted to 100 g/hen/day, daily refusal and feed consumption, were both affected by dietary treatment (p < 0.05). Daily refusal was reduced (p < 0.05) for the experimental group from 0.62 g DM/day to 2.46 g DM/day for the control group. Consequently, daily consumption of the control group was the lowest with a mean value of 97.54 g DM/d compared to 99.37 g DM/d for the CFSGLSCS group. To begin with the dietary effect of the whole fenugreek seed, Mustafa [44] reported that the dietary addition of the fenugreek seed at a level of 0.05%, 0.1% and 0.15% didn't affect feed consumption of Hy-Line White layers during a 40-59 week of age. A similar finding to the previous was reported by Abdouli et al. [9] who showed that the ground fenugreek at two to six levels didn't affect feed intake of 69 wk-old Lohman White laying hens. A study conducted by Nasra et al. [20] reported that the supplementation of 0.5% ground fenugreek on local Mandarah strain hens diets during their 16-28 weeks of age decreased feed consumption after eight weeks. By contrast, feed consumption increased after 12 weeks of treatment. Our data are in accordance with those reported by Ademola et al. [45] who found that garlic oil and cholestyramine increased feed intake of Black Harco laying hens. By contrast, Olobatoke and Mulugeta [46] showed that garlic powder at 3% or 4% reduced feed consumption of 30 weeks old Dekalb White laying birds. Sibel et al. [47] showed that feed consumption was not affected by the dietary supplementation of garlic powder during a 12-week period. Similar results have been reported by Safaa [16] who showed that the dietary incorporation of 2% of garlic powder or fenugreek seed did not affect the daily feed intake. Chowdhury et al. [48] showed that the dietary addition of 0% to 10% of garlic paste during a six week-period did not affect feed consumption. Concerning the linseed effect, Ahmad et al. [49] reported that feed intake of White Leghorn laying hens decreased with the increase of linseed level from 0% to 15%. However, Criste-Rodica et al. [50] found that feed intake was not affected by the dietary addition of 5% linseed from the 35th to 42nd week-old of Lohman Brown layers. The dietary effect of copper has been investigated by several studies. Idowu et al. [51] demonstrated that feed intake of 30 week-aged Black Harco layer strain increased when inorganic Cu (CuSO4.5H2O) was added for 10 weeks compared with Cu Proteinate. By contrast, Kaya et al. [52] showed that the dietary supplementation of 200 ppm of copper didn't affect the feed intake of 38 week-old Lohman White layers.
Similar results have been reported by Rahimi et al. [53] who found that the dietary addition of 15 g/kg of sun dried garlic powder, 200 mg/kg of cupric sulfate pentahydrate alone or together for 40 week-aged Single Comb White Leghorn (SCWL) laying hens didn't affect feed consumption. Pekel et al. [34] showed that the Lohman Brown laying hens receiving 250 ppm of Cu decreased their feed consumption. Hens' body weight loss was not affected (p > 0.05) by the dietary restriction. Body weight losses varied from 71.41 g to 120.86 g during the 42nd day. Similar data were found by Abdouli et al. [9] who reported that the Lohman White laying hens received 100 g of basal diet/d without or with fenugreek seed addition during 49 days had a body loss with a mean value of −115.3 g. In the present study, egg production and egg mass decreased for the laying hens fed on the experimental diet when compared to the control group. However, these changes were not statistically significant (p > 0.05) for egg mass. Feed efficiency increased (p > 0.05) for CFSGLSCS with a mean value of 1.98 compared to 1.94 for control. Our data were partially in accord with these of Aderemi et al. [54] who reported that the laying production and egg weight increased when garlic powder was incorporated at 4% garlic powder. Sibel et al. [47] showed that an increase of egg production was found when 0.5% and 1% of garlic powder was supplemented compared to the 2% garlic powder supplemented group. Hens receiving 1% of garlic powder had the highest egg production and egg weight when compared to those fed on 0%, 0.5%, and 2% of garlic powder. The previous author had attributed the negative effect of the 2% of garlic powder on feed consumption to the strong odor of garlic acting as a deterrent. According to Safaa [16] , the dietary incorporation of 2% garlic or fenugreek did not affect egg rate, egg weight, egg mass and feed conversion. In agreement with the previous study, Chowdhury et al. [48] showed that egg production and feed efficiency was not affected by the dietary addition of 0% to 10% of garlic paste. The effect of linseed on laying performance has been reported by Ahmad et al. [49] , Al-Nasser et al. [55] and Criste-Rodica et al. [50] who showed that the dietary addition of flaxseed didn't affect egg production rate and weight. By contrast Krawczyk et al. [56] reported that the dietary supplementation of 10% of linseed increased egg weight. Pekel et al. [34] showed that laying hens fed on 250 ppm of Cu from Cu sulfate had the highest egg production mean value with the lowest egg weight. However Attia et al. [57] reported that 60 ppm of inorganic Cu increased egg weight and egg mass of laying hens. Rahimi et al. [53] reported that the dietary incorporation of garlic powder, Cu sulfate together or alone did not affect laying production, egg weight, egg mass and feed conversion ratio.
Egg Physical Characteristics
Egg weight and physical characteristics are shown in Table 3 . It seems clear that the dietary addition of CFSGLSCS increased (p < 0.05) egg and shell weight. This combination didn't affect (p > 0.05) albumen weight, yolk weight and shell thickness. Our data were in agreement with these reported by Abdouli et al. [9] who showed that egg and shell weights of hens fed on water and hexane insoluble fraction of whole fenugreek seed were the highest when compared to the group fed on whole fenugreek seed. The effect of feeding garlic on the egg physical characteristics has been treated by Safaa [16] who found an increase of egg yolk percentages and a decrease of albumen weight percentages. According to Ahmad et al. [49] , the dietary incorporation of linseed at a level of 0% to 15% did not affect egg quality characteristics. However, Pekel et al. [34] reported a decrease of egg shell thickness of laying hens fed on 250 mg/kg of Cu lysine. Note: C = control; CFSGLSCS = diet contained: 2.9 kg of fenugreek seed, 2.9 kg of linseed, 76 g of CuSO 4 and 970 g of garlic mixed with 92 kg of basal diet; SEM = Standard Error of the mean; a,b : Mean in the same row having different superscripts are significantly different (p < 0.05).
Lipid Profile
Egg yolk cholesterol concentration reduction may be achieved by feeding laying hens with a diet containing special mixtures of fenugreek seeds, garlic and CuSO4. In fact, many medicinal properties attributed to fenugreek seed (Trigonella foenum graecum L.) [58] [59] [60] , but there is scanty documented literature on its use to lower egg yolk cholesterol. However, Abdouli et al. [9] , showed that the positive effect of ground fenugreek seeds on serum cholesterol concentrations would be due the particular composition of the saponins in fenugreek seed, or to an unknown synergetic effect of saponins and other bioactive compounds in fenugreek seed. Concerning copper, it is an essential mineral with a regulating activity of cholesterol biosynthesis by reducing the glutathione concentration. This co-enzyme decreases the mevalonate activity so that cholesterol one [61] . Two components of garlic, S-allylcysteine sulfoxide (alliin) and diallyl disulfide-oxide (allicin) were shown to lower cholesterol levels [62, 63] . The overall effects of these constituents on lipid metabolism in chickens have not been described. Data of egg yolk triglycerides, lipids, total cholesterol and serum cholesterol are summarized in Table 4 . Dietary treatment reduced egg yolk cholesterol (p < 0.05). Laying hens fed on CAFSLSSC had the lowest egg yolk cholesterol concentration with a mean value of 16.09 mg/g compared to 17.01 mg/g for the control group. However, the egg yolk cholesterol concentration decreased (p < 0.05) by 5.4% and egg weight increased (p < 0.05) from 55.18 g to 61.09 g. Consequently, the total egg cholesterol content was 240.98 mg/egg for the control group compared to 236.25 mg/egg for the experimental. These differences were not statistically significant (p > 0.05). Our results were in accordance with those reported by Safaa [16] who showed that the dietary supplementation of 2% of garlic or fenugreek decreased egg yolk cholesterol concentration to 7%. Ademola et al. [45] reported that garlic oil supplementation at 100 mg/kg reduced egg yolk cholesterol concentration when compared with hens' given 200 mg/kg of garlic powder. A statistically significant decrease of egg yolk cholesterol concentration was also reported by Sibel et al. [47] who reported that the dietary addition of 0.5%, 1%, and 2% of garlic powder reduced egg yolk cholesterol concentration from 20.27 mg/g (control) to 13.21 mg/g (0.5%), 12.89 mg/g (1%) and 13.20 mg/g (2%). Dietary supplementation of garlic powder, copper sulfate or both decreased the egg yolk cholesterol concentration [53] . The latter reported that the hypocholesterolomic effect of 200 mg/kg of copper sulfate was more effective than 15 g/kg of garlic powder. According to Attia et al. [57] , the dietary addition of Cu at 16 ppm and 120 ppm decreased egg yolk cholesterol with 9% and 13%, respectively. As well as the yolk cholesterol serum cholesterol decreased from 158.42 (C) mg/dL to 122.88 mg/dL (CFSGLSCS). A similar finding has been reported by Abdouli et al. [9] who showed that ground fenugreek seed at levels ranging from zero to six g/hen/d decreased serum cholesterol concentration from 106.4 mg/dL (control) to 85.8 mg/dL, 92.7 mg/dL, and 86.2 mg/dL for respectively, 2 g, 4 g, and 6 g. This decrease in the serum cholesterol concentration would be attributable to phenols, saponins and other bioactive compounds of the fenugreek seed. Saponins content of fenugreek seeds was 2.4%. According to Sauvaire et al. [64] diosgenin, the principal furostanol of fenugreek seeds may have a hypocholesterolemic effect on plasma cholesterol concentration. The mechanism of these reductions had been demonstrated that diosgenin is responsible for cholesterol absorption inhibition and thus reduces liver cholesterol concentration and consequently increases the cholesterol secretion of bile and the fecal excretion of neutral sterols. Chowdhury et al. [48] showed that garlic paste at 2%, 4%, 6%, 8% or 10% in laying hens diet reduced egg yolk cholesterol by 5%, 9%, 14%, 20% and 24%, respectively and leaded to a reduction of blood cholesterol by 15%, 28%, 33% and 43% for 2%, 4%, 6% and 8% of garlic paste. This author proposed that egg yolk and blood cholesterol reduction when hens were given garlic paste might be attributed to the reduction of synthetic enzyme activity. However, Attia et al. [57] demonstrated that the organic source of Cu decreased plasma cholesterol by 12.8% compared to 9.2% inorganic source and confirmed the hypothesis of Kim et al. [61] who reported that higher levels of Cu depressed hepatic glutathione formation thus the cholesterol one. Note: C = control; CFSGLSCS = diet contained: 2.9 kg of fenugreek seed, 2.9 kg of linseed, 76 g of CuSO 4 and 970 g of garlic mixed with 92 kg of basal diet; δ SEM = Standard Error of the mean; a,b : Mean in the same row having different superscripts are significantly different (p < 0.05).
Conclusions
The results of the present studies clearly showed that fenugreek seeds (3%), garlic (1%), linseeds (3%) and copper sulfate (0.078%) combination is a primary factor causing significant reduction of egg yolk cholesterol concentration (from 17.01 mg/g to 16.09 mg/g yolk) and blood cholesterol (from 158.42 g/egg to 122.88 g/egg) without imposing any adverse effect on performances parameters. However, response to the dietary incorporation of linseed in terms of the fatty acids profile needs to be evaluated. 
